Introduction
Glycogen is the major energy reserve in the avascular rabbit retina (Kuwabara & Cogan, 1961; Mizuno & Sata, 1975) . Histochemical studies on the rabbit retina showed that glycogen stores are predominantly associated with Muller cells (Kuwabara & Cogan, 1961; Mizuno & Sata, 1975) . Furthermore, these are major sites for glycogen synthesis (Kuwabara & Cogan, 1961) . It is known that a number of neurotransmitters including neuropeptides induce glycogen breakdown in mouse cerebral cortex (Magistretti et al., 1981; 1984; Quach et al., 1978; 1980; 1982) , astrocytic cultures 1 Author for correspondence. (Magistretti et al., 1983) , leech segmental ganglia (Seal & Pentreath, 1985) and in cultured glial cells of the chick retina (Koh et al., 1984) . Recent evidence has indicated that transmitter-like substances induce their glycogenolytic effects in the CNS by stimulating adenosine 3':5'-cyclic monophosphate (cyclic AMP) production (Magistretti et al., 1983; .
The purpose of the present study was to investigate the effects of different putative retinal transmitters and/or modulators on glycogenolysis in rabbit retinal slices and to correlate these actions with the ability of the individual substances to stimulate cyclic AMP production. Experiments were also carried out on retinal cultures containing primarily Muller cells (Osborne et al., 1988; Ghazi & Osborne, 1988a) to determine the cellular site of glycogenolysis.
Methods
Adult albino rabbits (2-3 kg) were obtained from the University Breeding Farm. These rabbits had free access to food and water while being maintained at a temperature of 18-20'C.
Intact retina
Agonist-induced stimulation of glycogenolysis Rabbits were anaesthetised with an intramuscular injection of Hypnorm (0.5 ml kg-') and killed by an overdose injection of sodium pentabarbitone. Eyes were immediately enucleated and the retinas quickly dissected and washed in oxygenated modified KrebsRinger bicarbonate medium (composition, mM: NaCl 120, KCl 5, CaC12 2.6, MgSO4 0.67, KH2PO4 1.2, glucose 5.5 and NaHCO3 27.5) at pH 7.4. Retinal slices (0.25 x 0.25mm thick) were obtained with a McIlwain tissue chopper, suspended in KrebsRitger solution and preincubated for 15 min at 370C under a constant stream of 95%02:5%CO2. The slices were then washed with fresh buffer and resuspended in oxygenated buffer (2.5ml per retina). Aliquots of the tissue slices suspension (0.29 ml) were pipetted into individual tubes to which were added 0.01 ml of a buffer solution containing [3H] -glucose (final conc. 50 nM). The tubes were then incubated for 30 min at 370C in a shaking water bath. Buffer (10 pl) with or without antagonist was added to each tube and the incubation continued for 5min. Following this period 0.01 ml of drug or buffer was added to individual samples and the incubation continued for 30min at 37'C under gentle agitation. The reactions were stopped by rapid centrifugation (1000 g for 5 min). The supernatants were discarded, replaced with fresh buffer and the slices immediately sonicated for about 9s. An aliquot (approx. 0.25 ml) of each of the resulting homogenates was quickly transferred to another tube and placed in boiling water for 10 min, followed by a short centrifugation. The supernatants of these samples were assayed for [3H] glycogen content. Another sample of each of the homogenates was taken for determination of protein content by the method of Bradford (1976) .
An ethanol filter paper technique (Solling & Esmann, 1975) was used to isolate and assay for [3H] -glycogen. Briefly, 0.15 ml aliquots of the deproteinized supernatant were spotted on filter paper discs, air dried and then immersed in approximately lOml of ice-cold 60% ethanol/10% trichloroacetic acid for 10min. This solution was replaced with 66% ethanol at room temperature for 10min. This procedure was repeated 6 times. The filter discs were then placed in acetone for 5 min and dried for 20min. Each disc was subsequently placed in a scintillation counting vial and the [3H] -glycogen extracted by the addition of 2 ml of boiling water. After cooling, 10 ml of 'Insta-gel scintillation fluid were added and the radioactivity determined in a liquid scintillation counter (Wallac 1211 Rackbeta Liquid Scintillation Counter, LKB, Finland) .
Control experiments showed that radioactivity of [3H] -glucose spotted onto filter paper discs was not carried through to provide a source of error. Moreover, treating samples of the supernatant before the glycogen extraction procedure, with or without 4 units ml-1 of amylo-1-6-glucosidase demonstrated that as little as 3.0% of the 3H-isolated product was not tritiated glycogen. Since it is known that amylo-1-6-glucosidase hydrolyzes glycogen to form glucose (Nahorski & Rogers, 1972; Passonneau & Lauderdale, 1974 ) the contamination may be glucosecontaining gangliosides and/or cerebrosides (Nahorski & Rogers, 1972) .
Agonist-induced stimulation of cyclic AMP production With minor modifications, the method described by Kebabian et al. (1972) 
Preparation of retinal cultures
Retinas from I to 5 day postnatal rabbit pups were dissociated by a modified trypsinisation procedure as previously described (Beale et al., 1982; Osborne & Beaton, 1986 Figure 1 ).
Retinal slices which had been preincubated for 35 min with [3H] -glucose and then exposed to 500 yM noradrenaline (NA), isoprenaline, 5-HT, 8-OH-DPAT or 5 FM VIP resulted in maximal increases in the hydrolysis of [3H] -glycogen (see Table 1 ). All the agents produced a rapid rate of decrease in [3H] -glycogen content, though NA, isoprenaline and VIP induced a much more pronounced decrease than 5-HT or 8-OH-DPAT. Dibutyryl cyclic AMP at 250JM also induced a substantial reduction in [3H] -glycogen content (Table   .o ker, 1987), had no effect on either the NA- (Table 2) or isoprenaline-induced glycogenolytic effect. In contrast, propranolol (1 pM), a f-adrenoceptor blocker, which had no significant action of [3H] -glycogen content strongly inhibited both the NA-and isoprenaline-induced responses ( Table 2 ). The effects of the dopamine receptor antagonists, haloperidol, spiroperidol and (+) and (-)-butaclamol (10pM), on the responses induced by the two agonists were tested. It was found that these antagonists had no effect on the isoprenaline-induced response, however the NA-induced response was slightly inhibited by haloperidol but not by either (+) and (-)-butaclamol or spiroperidol. This is interesting since neither dopamine nor apomorphine stimulated glycogenolysis in retinal cells, but strongly stimulated the production of cyclic AMP (Table 1) . It is therefore concluded that NA and isoprenaline influenced fladrenoceptors to promote glycogenolysis in the (Table 3) . Furthermore, MDL-72222 (10 M), a peripheral 5-HT3 receptor antagonist (Fozard, 1984) , propranolol and haloperidol (10 M) were without effect (Table 3 ). In contrast, spiroxatrine (1 pM), a 5-HT1A antagonist was a potent blocker of the 5-HT-and 8-OH-DPATinduced responses (Table 3) . To characterize further the 5-HT-induced response, RU24696 (a 5-HTSA/B agonist) was examined. This agonist stimulated [3H] -glycogen hydrolysis to an extent similar to 8-OH-DPAT and the response was inhibited by spiroxatrine while other receptor antagonists had no effect (Table 3) . Since 8-OH-DPAT is a 5-HTIA receptor agonist (Middlemiss & Fozard, 1983; Hamon et al., 1984; Hoyer et al., 1986) , it is concluded that 5-HT and 8-OH-DPAT promote glyco- Tables 1, 2 and 3 . Except for dopamine, only substances which stimulated cyclic AMP production in retinal homogenates promoted glycogenolysis in rabbit retinal slices (Table 1) . Additionally, db cyclic AMP (250pM), a synthetic analogue of cyclic AMP which crosses the cell membrane (Posternak et al., 1962) , induced a more than 62% increase in glycogen breakdown in retinal slices, and neuronal and Muller cell cultures. Interestingly CCh induced a slight decrease in cyclic AMP production but had no effect on [3H] -glycogen levels. Tables 2 and 3 show the influence of various antagonists upon the stimulation of cyclic AMP production but had no effect on [3H] -glycogen levels. Tables 2 and 3 show the influence of various antagonists upon the stimulation of cyclic AMP production caused by different agonists. These results suggest that in the rabbit retina, NA/ adrenaline, 5-HT and VIP increase cyclic AMP production and induce an enhanced rate of glycogen breakdown through the same receptor types.
Retinal cultures
Rabbit retinal cultures at 3-5 and 25-30 days old were used in an effort to determine the cellular site of the agonist-induced [3H]-glycogen hydrolysis. This is possible since 3-5 day old cultures contain both neurones and Muller cells, whereas only nonneuronal retinal (Muller) cells are found in the 25-30 days cultures (Osborne, 1987; Osborne et al., 1988; Ghazi & Osborne, 1988b) . In both young and old cultures, NA, isoprenaline, VIP, 5-HT and 8-OH-DPAT stimulated the hydrolysis of [3H]-glycogen to an extent similar to that found in intact retinal slices (Tables 4 and 5 ). Furthermore, pharmacological characterization of this response in both culture types proved to be identical to that found in retinal slices. Tables 4 and 5 demonstrate to what extent the varous agents stimulated the production of cyclic AMP in 3-5 and 25-30 day old cultures. It is evident that these cyclic AMP responses are fairly similar to those shown in Table 1 for retinal homogenates, with two exceptions: (1) isoprenaline (500 /M) induced a significantly higher stimulation of cyclic AMP production in both culture types than in retinal homogenates and (2) The effect of noradrenaline on glycogenolysis in the retina resembles observations made elsewhere. NA is known to decrease newly synthesized intracellular glycogen in mouse cortical slices (Quach et al., 1978; Magistretti et al., 1981) and in cultured astroglia (Magistretti et al., 1983) by at least 60%. In astrocytoma cells, cultured and transformed astrocytes, NA and isoprenaline significantly increased the breakdown of glycogen (Passonneau-& Crites, 1976; Cummins et al., 1983ab) . Isoprenaline was also found to induce glycogenolysis in rat striatal slices (Wilkening & Makman, 1976; 1977) and -in chick cerebral hemispheres (Edwards et al.,-1974 (Cobb et al., 1987) . This may help explain the inability of either dopamine or apomorphine to stimulate glycogen breakdown.
As is the case for mouse cortical slices (Quach et al., 1978) , leech segmental ganglia (Seal & Pentreath, 1985) and cultured brain astroglia (Magistretti et al., 1983) , 5-HT induced a significant hydolysis of [3H] glycogen in the various retinal preparations. 8-OH-DPAT and RU24696, known as 5-HTIA receptor agonists (Middlemiss & Fozard, 1983; Hamon et al., 1984; Sills et al., 1984) , mimicked the effect produced by VIP was the most potent of all the agents tested in inducing glycogenolysis in the different retinal preparations. VIP has a similar potent effect on glycogenolysis in mouse cortical slices, cultured rat astroglia (Magistretti et al., 1981; , hepatocytes (Wood & Blum, 1982) , cultured chick retinal cells (Koh et al., 1984) and a human colon cell line (Rousset et al., 1981) and vertebrate retina (Schorderet et al., 1984) . The glycogenolytic effect of VIP in retinal tissue and cell culture was not inhibited by any of the antagonists tested, including those that blocked the response induced by either NA or 5-HT. These results, particularly from the culture studies, show that the VIP response is not mediated indirectly by the release of either NA or 5-HT from other cells but rather point to an involvement of a specific VIP receptor type in mediating [3H] -glycogen breakdown.
The results described in this study suggest that agonist-induced glycogen hydrolysis involves the generation of cyclic AMP. However, other factors may contribute to the glycogenolytic effects of the different agonists. For example, in the CNS, as in other tissues, phosphorylase b kinase is activated by agonists which mediated a Ca2+ influx (this issue is discussed below) (Cohen, 1982; Ververken et al., 1982) . Additionally, Opler & Makman (1972) demonstrated that, in contrast to NA, histamine induces glycogenolysis in rat astrocytoma cells without activating adenylate cyclase activity. These authors also concluded from their studies that the histamine effect may be mediated by an elevation of cyclic AMP levels through an action on the phosphodiesterase activity (Opler & Makman, 1972) . More recently, Pearce et al. (1985) have produced data to suggest that a-adrenoceptors, through a cyclic AMP-independent mechanism, stimulate glycogen turnover. In the present study no evidence was found for the involvement of a-adrenoceptors in either stimulating cyclic AMP production or promoting glycogenolysis. Moreover, CCh does not stimulate glycogen breakdown or cyclic AMP production. Furthermore, NA in the presence of propranolol can promote inositol phosphates (IPs) accumulation but has no effect on cyclic AMP formation or glycogen hydrolysis These results argue against the involvement of the IPs/DG 2nd messenger system in mediating glycogenolytic events in retinal cells.
In the present study, only agents which stimulated cyclic AMP formation also promoted glycogen breakdown. Moreover, the EC5o values for NA, 5-HT and VIP are similar for both stimulation of cyclic AMP formation (unpublished results) and glycogenolysis, thus arguing in favour of the idea that the same receptors are, involved in the two responses and that similar receptor occupancies are necessary to elicit each of the, effects. This is not the case in mouse cortical slices where a lower' reveptor occupancy is required for the stimulation of [3H] -glycogen hydrolysis than for promoting cyclic AMP production (Quach et al., 1978) . The possibility that external-Ca2+ might be involved in the-agonistinduced stimulation of glycogenolysis in retinal tissues is unlikely, because similar results were obtained in Ca2+ -free medium for each of the agonists tested (unpublished results). Another' possible mechanism is that agonists induce an activation of glycogen hydrolysis by mobilizing intracellular stores of Ca2+. This is very unlikely since agents such as VIP, isoprenaline and 8-OH-DPAT do not induce a rise in free intracellular Ca2+ (Ghazi & Osborne, 1988b ) but significantly stimulate glycogenolysis in retinal cells. Moreover, NA and 5-HT induce a rise in free intracellular Ca2 + levels that are respectively blocked by prazosin and ketanserin and these two antagonists have no effect on glycogenolysis (Ghazi & Osborne, 1988b) .
Previous investigations in rat striatal slices and chick cerebral hemispheres also showed the involvement of cyclic AMP in the glycogenolytic responses induced by isoprenaline (Edwards et al., 1974; Wilkening & Makman, 1976; 1977) . In the present study the synthetic cyclic AMP analogue, db cyclic AMP, displayed a very potent glycogenolytic effect in rabbit retinal slices and retinal cultures as described before for rat astrocytoma cells (Opler & Makman, 1972) . This suggests that the cyclic AMP-dependent phosphorylation cascade is one of the operative mechanisms in hydrolysing glycogen in retinal cells. This is supported by the finding that NA stimulated the conversion of phosphorylase b into its more active form phosphorylase a which hydrolyses the glycogen chain through increasing cyclic AMP (Edwards et al., 1974) . Furthermore an increase in the amount of phosphorylase a in rat astrocytoma and neuroblastoma cells has been reported following treatment with a phosphodiesterase inhibitor (Passonneau & Crites, 1976) .
The primary site for glycogen storage and synthesis in the rabbit retina is the inner portion of the Muller cells (Kuwabara & Cogan, 1961; Magalhaes & Coimbra, 1970; . Nearly all glucose-6-phosphatase activity, which mainly hydrolyses glucose-6-phosphate that emanates from glycogen breakdown, has been localised in the inner portion of the Muller cells (Magalhaes & Coimbra, 1972) . These observations suggest that Muller cells are the main storage area of glycogen and glucose formation; retinal neurones and photoreceptors possess negligible glycogen stores. Since systemic glucose and oxygen are not directly supplied to the inner layers of the rabbit retina, the glucose formed and released from the Muller cells could be utilized in anaerobic glycolysis in the deprived parts of the retina. Additionally, Koh et al. (1984) 
